1. Introduction {#s0005}
===============

Frontotemporal Dementia (FTD) is a heterogeneous clinical syndrome characterized by progressive alterations in behavior, personality, language, and motor function ([@bb0195]; [@bb0275]). Approximately half of affected individuals have a positive family history, with alterations in three genes responsible for the majority of the inherited cases ([@bb0270]; [@bb0260]; [@bb0105]). Mutations in the gene encoding the microtubule associated protein tau (*MAPT*) are responsible for familial FTD associated with tau pathology, while mutations in the granulin (*GRN*) and chromosome 9 open reading frame 72 (*C9orf72*) genes cause FTD with transactive response DNA binding protein M~r~ 43 kDa (TDP-43) pathology ([@bb0270]; [@bb0280]; [@bb0210]; [@bb0230]; [@bb0150]; [@bb0095]; [@bb0010]; [@bb0085]). Since each of these mutations cause an autosomal dominant inheritance with a high degree of penetrance, asymptomatic mutation carriers could be considered "preclinical" and are appropriate subjects for investigating the pre-symptomatic stages of FTD.

Studies that have investigated the structural brain changes in fully affected FTD patients with the *C9orf72* mutation have reported symmetric atrophy of frontal lobes, followed by temporal and parietal lobes ([@bb0050]; [@bb0190]; [@bb0300]; [@bb0265]). In contrast, symptomatic *GRN* mutation carriers have been reported to have asymmetric atrophy involving the left inferior frontal, temporal and parietal cortices ([@bb0190]; [@bb0300]; [@bb0235]; [@bb0295]). Similar findings have been reported in asymptomatic *GRN* mutation carriers, displaying asymmetric gray matter atrophy involving frontal, temporal and parietal lobes ([@bb0080]; [@bb0220]). A recent large scale study from the "Genetic Frontotemporal dementia Initiative (GENFI)" reported heterogeneous patterns of structural changes associated with *C9orf72* and *GRN* gene mutations in combined samples of symptomatic and asymptomatic subjects ([@bb0240]). The findings of the GENFI study suggest that structural brain changes could be detected many years prior to disease onset.

Most studies to date have employed symptomatic carriers or a combination of symptomatic and asymptomatic subjects to investigate the structural brain changes associated with *C9orf72* and *GRN* mutations ([@bb0190]; [@bb0300]; [@bb0235]; [@bb0295]; [@bb0240]). As the aim of our study is to investigate brain changes prior to onset of clinical symptoms, we placed the focus on asymptomatic subjects in our current analysis. We hypothesize that *C9orf72* and *GRN* mutation carriers (*C9orf72*+ and *GRN*+, respectively) would exhibit regional atrophy compared to family members who do not carry the mutations (*C9orf72*− and *GRN*−) and that the patterns of atrophy would be different between the *C9orf72*+ and *GRN*+ groups.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

Participants were recruited through the University of British Columbia (UBC) hospital clinic for Alzheimer\'s disease and related disorders. Each subject was a member of a family with autosomal dominant FTD caused by a mutation in either the *C9orf72* or *GRN* gene, and each was considered at risk for FTD by virtue of having an affected first-degree relative. All subjects underwent genetic analysis to establish whether they were carriers of their family\'s mutation; however, the subjects and the investigators performing the clinical assessments remained blinded to the genetic results. Some features of the cohort have been described previously ([@bb0175]; [@bb0165]). Participants underwent a detailed neurological examination and were screened for cognitive deficits with various scales including the mini mental state examination (MMSE) ([@bb0135]; [@bb0140]), Frontal Assessment Battery (FAB) ([@bb0100]), and the Frontal Behavioral Inventory (FBI) ([@bb0180]). None of the subjects in the current analysis demonstrated any abnormal motor finding or reflexes, or any significant differences in the ALS motor scales. Patients who fulfilled the diagnostic criteria for possible or probable behavioral variant FTD (bvFTD) ([@bb0225]), primary progressive aphasia (PPA) ([@bb0155]) or amyotrophic lateral sclerosis (ALS) ([@bb0055]) were excluded. Participants who were free from neurological and clinical cognitive deficits and classified as being asymptomatic were included in the current analysis. Demographic information and family history were shown in [Table 1](#t0005){ref-type="table"}. Years prior to expected disease onset was calculated by subtracting the subjects age from the mean age of disease onset in their respective family. The study was reviewed by institutional research ethics board, and written informed consent was obtained from the participants prior to data collection.Table 1Summary of demographic and clinical features of the subjects. Maximum score is 30 for mini mental state exam (MMSE), 18 for the frontal assessment battery (FAB), and 72 for the frontal behavioral inventory (FBI). The values are reported as mean (std.). NC (non-carriers): *C9orf72*− and *GRN*− combined.Table 1*C9orf72*+*C9orf72*−*GRN*+*GRN*−NC*p*[⁎](#tf0005){ref-type="table-fn"}*p*[⁎⁎](#tf0010){ref-type="table-fn"}Sample size (n)152391537----Age (years)42.6 (11.3)49.7 (15.5)50.1 (8.7)53.2 (11.2)51.5 (13.9)0.02270.7127Sex (Male: Female)8:713:101:87:819:180.89690.029Handedness (Right: Left)12:322:19:014:135:20.10580.4757Education (years)14.0 (3.3)13.9 (2.9)13.1 (2.9)12.9 (2.3)13.5 (2.7)0.4117[\#](#tf0015){ref-type="table-fn"}0.8288[\#](#tf0015){ref-type="table-fn"}MMSE29.5 (0.74)29.04 (1.07)29.3 (1)29.2 (1.08)29.1 (1.07)0.1581[\#](#tf0015){ref-type="table-fn"}0.5111[\#](#tf0015){ref-type="table-fn"}FAB17.1 (1.7)16.09 (2.2)16.6 (1.4)17.4 (1.06)16.6 (1.9)0.1443[\#](#tf0015){ref-type="table-fn"}0.5889[\#](#tf0015){ref-type="table-fn"}FBI0.73 (1.4)0.39 (0.94)0.67 (1.1)0.67 (1.8)0.51 (1.4)0.6317[\#](#tf0015){ref-type="table-fn"}0.4585[\#](#tf0015){ref-type="table-fn"}Mean age (years) of onset in family56.3 (7.9)56.7 (6.6)58 (3)58.7 (3.2)57.6 (5.6)0.6108[\#](#tf0015){ref-type="table-fn"}0.9433[\#](#tf0015){ref-type="table-fn"}Years prior to mean age of illness onset13.7 (11.2)7 (14.4)7.89 (8.9)5.47 (10.03)6.1 (12.8)0.04330.6306[^1][^2][^3]

2.2. Genetic status {#s0020}
-------------------

Genetic analysis was performed at the Mayo Clinic, Jacksonville, Florida, on DNA extracted from peripheral blood using standard protocols ([@bb0095]; [@bb0010]). Subjects were screened for the mutation known to cause FTD in their family and each was classified as being a mutation carrier (*C9orf72*+ or *GRN*+) or non-carrier (neither *C9orf72*− nor *GRN*−). All the *C9orf72*+ subjects in our cohort had repeat size in the clearly positive (\>100) range.

2.3. MRI image acquisition {#s0025}
--------------------------

All subjects underwent structural T1-weighted MRI scanning using a 1.5T GE Signa scanner. The MRI scans were 256 × 256 × 256 in resolution with isotropic 1 mm^3^ voxels, and were acquired using the following parameters: Localizers (0:25 min): sagittal/coronal and axial, TR/TE = 5.4/1.6 ms, FOV = 22 cm, matrix size = 256 × 128; 3D T1-Fast Spoiled gradient echo IR Prepped (8:35 min): axial, TR/TE = 10.3/4.8 ms, inversion time = 450 ms, FOV = 25 cm, matrix size = 256 × 256, number of slices = 170 contiguous slices, slice thickness = 1 mm and flip angle = 8^o^.

2.4. Cortical thickness and subcortical volume measurements {#s0030}
-----------------------------------------------------------

The T1 MRI images were processed using FreeSurfer neuroimage analysis suite (<https://surfer.nmr.mgh.harvard.edu>) to generate surface-based cortical thickness maps for each subject. FreeSurfer\'s cortical reconstruction pipeline ([@bb0090]; [@bb0120]) first extracts and tessellates the outer pial (gray matter-cerebrospinal fluid boundary) and the inner white (gray-white matter boundary) surfaces of the cortical mantle. Afterwards, cortical thickness is computed at each vertex of the tessellation as the shortest distance between the pial and white matter surfaces ([@bb0115]). The automatic cortical reconstruction outputs were passed through a rigorous manual quality control procedure to identify and correct for any errors according to the troubleshooting guidelines provided by FreeSurfer. To facilitate statistical group analysis, the cortical thickness surface maps for each subject were mapped into the standard MNI ICBM 152 non-linear average T1 template space ([@bb0160]) (<http://nist.mni.mcgill.ca/?p=858>) and smoothed using a 15 mm full width at half maximum Gaussian kernel. This resulted in cortical thickness maps defined on a common surface tessellation containing 297,800 vertices and 64 labeled cortical regions of interest. Moreover, the volumetric segmentation pipeline ([@bb0125]) in FreeSurfer was used to extract the volumes of the deep subcortical gray matter structures. Further, the cerebellar sub-region volumes were calculated by transferring the cerebellar sub-region labels from the SUIT atlas \[cite [@bb9005], [@bb9010]\] onto the subject\'s MRI using the large deformation diffeomorphic metric mapping (LDDMM) non-rigid registration method \[cite: [@bb9000]\]. The subcortical and cerebellar sub-region volumes were normalized using the intracranial volume (ICV) to correct for the brain size of the subject.

2.5. Statistical analysis {#s0035}
-------------------------

Group-wise comparison of the clinical and demographic variables were performed using the MATLAB 2016b (MathWorks, Inc., Natick, MA) numerical computing environment. Normality of the data was verified using Anderson-Darling test. Group difference was performed using independent *t*-test for normally distributed data, else the Wilcoxon rank sum test was used. Chi-square test was used for comparing the group differences in the distribution of categorical variables (sex). Results were considered statistically significant at *p* values \< 0.05.

Vertex-wise group differences among the generated cortical thickness surface maps were explored using the SurfStat toolbox ([www.math.mcgill.ca/keith/surfstat/](http://www.math.mcgill.ca/keith/surfstat/){#ir0015}) for MATLAB. A generalized linear model (GLM) approach was performed controlling for the effects of age, sex, and years prior to mean age of illness onset. The cluster significance threshold was set at *p* \< 0.05, using random field theory (RFT) correction ([@bb0070]) for multiple comparisons, and only significant clusters consisting of \>100 vertices were reported. Similarly, GLM analysis was performed to evaluate the group differences in ICV normalized subcortical volumes correcting for the influences of age, sex and years prior to mean age of illness onset. Group wise comparisons were made between each of the carrier groups against all mutation non-carriers (*C9orf72*− combined with *GRN*−, NC).

3. Results {#s0040}
==========

3.1. Demographic and clinical data {#s0045}
----------------------------------

Demographic and clinical information is provided in [Table 1](#t0005){ref-type="table"}. Comparison between the *C9orf72*+ and NC revealed that *C9orf72* carriers are significantly younger and were also significantly further from the mean age of illness onset in their families. The *GRN*+ versus NC comparison showed significantly more females in the *GRN*+ group. Majority of the participants were right handed (only 5 left handed subjects were present), and no significant differences were observed in the handedness between mutation carriers and NC. Disease specific FAB and FBI assessments did not reveal any significant differences in the cognitive status between mutation carriers and NC.

3.2. Cortical thickness difference between groups {#s0050}
-------------------------------------------------

The *C9orf72*+ subjects demonstrated significant reductions in cortical thickness in certain regions of the brain compared to the NC group ([Fig. 1](#f0005){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). The affected areas involved both cerebral hemispheres in a somewhat asymmetric fashion and included select regions in the left frontal, left parietal, left occipital, left cingulate, right temporal and right parietal lobes. In contrast, the *GRN*+ subjects did not show any significant gray matter changes compared to the NC subjects, although visual inspection of the cortical thickness *z*-scores suggests quite a degree of variability and heterogeneity within the *GRN*+ group ([Fig. 2](#f0010){ref-type="fig"}).Fig. 1Cortical thickness differences between *C9orf72*+ (*n* = 15) compared to NC (*n* = 37). Illustration of the cortical regions with significant changes (*p* \< 0.05) in thickness between *C9orf72*+ and NC after correcting for the effects of age, sex and years to mean age of illness onset in family, controlled for multiple comparisons using cluster-based random field theory analysis.Fig. 1Fig. 2Cortical thickness *z*-scores (age, sex and time to illness onset corrected) of subjects in the mutation carrier groups (*C9orf72*+, *GRN*+) sorted by age (youngest to oldest). The *z*-scores were computed by treating the NC group as the reference group. Only cases where \|*z*-score\| \> 1.5 are shown. The *t*-statistic (*p*-value) corresponding to the mutation carriers versus the NC group differences are also given. The *p*-value is only reported for the significant (\<0.05) cases.Fig. 2Table 2Cortical regions with significant reduction in thickness in *C9orf72*+ as compared to NC.Table 2RegionNumber of vertices*t*-Statistic[a](#tf0020){ref-type="table-fn"}*p*[⁎⁎](#tf0025){ref-type="table-fn"}Left rostral middle frontal gyrus1858−2.06370.0015Left superior frontal gyrus3822−2.08090.0015Left paracentral gyrus124−1.95930.0206Caudal part of left anterior cingulate gyrus64−1.86820.0015Isthmus of left cingulate gyrus1026−2.72030.0206Left posterior cingulate gyrus366−1.94930.0206Left lingual gyrus112−2.06280.0206Left precuneus1603−2.4220.0206Right paracentral gyrus105−1.93180.0002Right postcentral gyrus120−1.84010.0002Right insular cortex96−1.80390.0126Banks of right superior temporal sulcus1062−3.12830.0126Right superior temporal gyrus1968−2.16780.0126Right supra marginal gyrus237−1.98650.0002Right middle temporal gyrus397−2.13850.0126Right inferior parietal gyrus520−2.21060.0126Right precuneus1337−2.15330.0002Right superior parietal gyrus3909−2.12170.0002[^4][^5]

3.3. Subcortical volume difference between the groups {#s0055}
-----------------------------------------------------

The *C9orf72*+ subjects also exhibited significant reduction in the volumes of bilateral thalamus and left caudate volumes compared to the NC subjects ([Table 3](#t0015){ref-type="table"} and [Fig. 3](#f0015){ref-type="fig"}). The *GRN*+ subjects did not differ significantly in subcortical volumes compared to the *GRN*− subjects or NC group.Fig. 3Subcortical volumes *z*-scores (age, sex and time to illness onset corrected) of subjects in the mutation carrier groups (*C9orf72*+, *GRN*+) sorted by age (youngest to oldest). The *z*-scores were computed by treating the NC group as the reference group. Only cases where \|*z*-score\| \> 1.5 are shown. Blue represents a negative z-score, which implies a reduced subcortical volume in a *C9orf72*+/*GRN*+ subject relative to the "mean" subcortical volume estimated from the subjects in the reference NC group. Whereas, a red point means a positive z-score, which implies an increased subcortical volume in a *C9orf72*+/*GRN*+ subject relative to the "mean" subcortical volume in the NC group. The *t*-statistic (*p*-value) corresponding to the mutation carriers (*C9orf72*+, *GRN*+) versus the NC group differences are also given. The *p*-value is only reported for the significant (\<0.05) cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3Table 3Subcortical volume measurements and comparison. The subcortical volumes for each subject were normalized with respect to their respective intracranial volume (ICV). The mean (std.) values (multiplied by factor of 10,000) are reported for each group. The *p*-values are controlled for multiple comparisons and corrected for the influences of sex, age and years to mean age of illness onset in the family. The bolded entries are the cases where the differences between the groups were statistically significant (p \< 0.05).Table 3*C9orf72*+*GRN*+NC*t*-Statistic (*p*)[⁎](#tf0030){ref-type="table-fn"}*t*-Statistic (*p*)[⁎⁎](#tf0035){ref-type="table-fn"}Left thalamus37.6 (5.2)41.3 (4.7)39.5 (4.8)**−2.515 (0.015)**0.202 (0.841)Left caudate18.5 (2.2)18.6 (1.9)18.9 (2.4)**−2.243 (0.03)**−0.662 (0.512)Left putamen29 (4)28.9 (2.4)27.9 (3.7)−0.582 (0.563)0.828 (0.412)Left pallidum8.3 (1.1)8.2 (0.7)8.1 (1.4)−0.94 (0.352)0.392 (0.697)Left hippocampus21.2 (2.5)23.2 (1.7)21.9 (2.3)−1.956 (0.056)0.848 (0.402)Left amygdala8.2 (1)8.4 (1.6)8.1 (0.8)−0.406 (0.686)0.633 (0.531)Left accumbens3.6 (0.5)3.5 (0.6)3.6 (0.7)−0.864 (0.392)−0.782 (0.438)Right thalamus34.9 (5)36.8 (3.6)36.3 (4.2)**−3.042 (0.004)**−0.689 (0.495)Right caudate19.2 (2)18.9 (2.6)19.3 (2.4)−1.245 (0.219)−0.245 (0.808)Right putamen26.6 (4)28.4 (4.2)26.5 (3.2)−1.144 (0.258)1.633 (0.110)Right pallidum8.2 (1.6)8 (0.7)7.9 (1.3)−0.634 (0.529)0.150 (0.882)Right hippocampus22.2 (2.2)24.1 (2.1)22.4 (2.3)−1.263 (0.213)1.313 (0.196)Right amygdala8.2 (1)8.4 (1.3)8.4 (1.1)−0.829 (0.411)−1.083 (0.285)Right accumbens3.7 (0.5)3.7 (0.5)3.6 (0.7)−0.356 (0.723)−0.425 (0.673)[^6][^7]

3.4. Cerebellar volume difference between the groups {#s0060}
----------------------------------------------------

We have also examined the cerebellar sub-region volumes, but no significant differences were observed between the mutation carriers (*C9orf72*+ and *GRN*+) and the NC (see Supplemental Table S1 and Fig. S1).

4. Discussion {#s0065}
=============

In this study, we investigated the influences of *C9orf72* and *GRN* mutations on cortical thickness and subcortical gray matter volumes in asymptomatic members of FTD families. Our findings demonstrate discordant patterns of structural changes between our subjects with these two mutations. The *C9orf72*+ subjects demonstrated patterns of reduced cortical thickness and reduced subcortical volumes; whereas, the *GRN*+ subjects showed no significant cortical or subcortical gray matter atrophy. Furthermore, *C9orf72*+ subjects exhibited reduced subcortical volumes compared to *GRN*+ subjects. The fact that the *C9orf72*+ group showed atrophy that was not apparent in the *GRN*+ subjects is even more surprising given that the *C9orf72*+ subjects tended to be younger and farther from the mean age of disease onset in their families compared to the *GRN*+ subjects (13.7 versus 7.9 years, respectively). These findings suggest that the pathophysiology and early, preclinical course of disease associated with the *C9orf72* mutation differs from that associated with *GRN* mutations.

Previous studies of symptomatic *C9orf72*+ subjects have reported symmetric atrophy involving frontal, temporal, insular, and posterior cortical regions ([@bb0190]; [@bb0300]; [@bb0265]; [@bb0040]; [@bb0310]) and reduction in the subcortical volumes of thalamus, hippocampus ([@bb0130]; [@bb0025]; [@bb0255]; [@bb0290]; [@bb0285]; [@bb0205]). The GENFI study demonstrated similar diffuse brain atrophy in a combined group of symptomatic and asymptomatic *C9orf72*+ subjects ([@bb0240]). Using linear mixed effect models the GENFI study predicted cortical (frontal, temporal, parietal, occipital and cingulate) and subcortical (hippocampus, thalamus, striatum and amygdala) volume reduction to occur approximately 10--15 years prior to disease onset and 5--10 years earlier to decline in the performances of cognitive assessments. In a more recent analysis, they showed that presymptomatic gray matter atrophy was observed in the thalamus and cerebellum in the *C9orf72* group, and in the posterior frontal and parietal lobes as well as striatum in the *GRN* group, and in the anterior insula in both groups ([@bb0065]). In our study, we found similar patterns of structural changes including frontal (right postcentral, left rostral middle frontal and superior frontal gyri), temporal (right middle temporal, supra-marginal and superior temporal gyri), parietal regions (bilateral precuneus, right superior and inferior parietal gyri), thalamus and caudate in asymptomatic *C9orf72*+ subjects who were on average 13.7 years prior to disease onset. This finding is consistent with recent studies reporting loss of white matter integrity in tracks connecting to the frontal lobe and in the thalamic radiation in presymptomatic *C9orf72* carriers compared to controls ([@bb0215]). This is also consistent with functional connectivity studies demonstrating reduced white matter integrity in the corpus callosum, cingulum bundles, corticospinal tracts, uncinate fasciculi and inferior longitudinal fasciculi. Intrinsic connectivity deficits were most prominent in salience and medial pulvinar thalamus-seeded networks ([@bb0185]).

The structures we identified as being affected in our *C9orf72*+ subjects correlate with the anatomy expected to be involved in causing the clinical and cognitive symptoms of FTD. Impairment in the cortical-subcortical neural circuits encompassing the right middle temporal gyrus, superior temporal gyrus, frontal gyrus, caudate and thalamus have been shown to be associated with executive dysfunction, apathy, disinhibition and deficits in social cognition, emotion recognition, and language ([@bb0025]; [@bb0250]; [@bb0245]). In particular, the thalamus is known to play a crucial role in the relay and execution of several frontal lobe functions via the fronto-thalamic circuits and many previous studies have demonstrated involvement of the thalamus in *C9orf72*+ subjects ([@bb0130]; [@bb0025]; [@bb0285]; [@bb0030]), that may be relatively specific for this mutation ([@bb0265]). Cerebellar atrophy has also been described in affected *C9orf72*+ patients, as it is now recognized that the cerebellum has integral function in cognitive and emotional processing ([@bb0035]; [@bb0305]; [@bb0170]). However, we did not observe any significant cerebellar atrophy in our sample, likely because we were focusing on subjects at the presymptomatic phase, suggesting that cerebellar atrophy may occur at a later disease stage.

In contrast, previous studies of symptomatic *GRN*+ subjects have reported a heterogeneous and asymmetric pattern of cortical atrophy ([@bb0190]; [@bb0300]; [@bb0235]; [@bb0080]; [@bb0240]). A recent study by Pievani et al. comparing five asymptomatic *GRN*+ subjects with five *GRN*− subjects observed reduced cortical thickness (right lateral orbito-frontal cortex, left middle frontal gyrus and right precentral gyrus) ([@bb0220]); however, these results were uncorrected, potentially leading to false positive changes. Cruchaga et al. also demonstrated gray matter changes in 4 *GRN*+ subjects using voxel based morphometry analysis reporting uncorrected results, but the subjects were already showing early clinical symptoms on cognitive assessments ([@bb0080]). Borroni et al. found no differences in gray matter volume between *GRN*+ and *GRN*− ([@bb0045]). Other groups have noted significant white matter changes in the periventricular subcortical white matter and U-fibers of *GRN*+ carriers ([@bb0060]; [@bb0005]). Using a rigorous cluster-based RFT method ([@bb0070]) (correcting for multiple comparisons) we did not find significant differences in cortical thickness or subcortical volumes among our asymptomatic *GRN*+ subjects. It is possible that our negative result was due to the relatively small numbers in the *GRN*+ cohort, which is a limitation of the current study. Alternatively, the pattern of atrophy among *GRN*+ carriers may be too heterogeneous to be detectable in group-wise comparisons. Visual inspection of the significant differences across the gray matter regions ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}) suggest that indeed a few individuals may be having some early atrophy, but the changes are not severe enough and too variable to demonstrate statistical group differences.

Previous case series have discussed the heterogenous patterns of gray matter atrophy profile among symptomatic and asymptomatic *GRN*+ ([@bb0305]; [@bb0110]; [@bb0075]; [@bb0020]). Furthermore, results from the GENFI study predicted that *GRN*+ subjects would not show significant reduction in cortical volumes until approximately five years prior to illness onset, in which case, our *GRN*+ subjects (on average eight years prior to predicted onset) might still be too early to demonstrate significant atrophy. However, it is interesting that both GENFI and a previous study of ours found that *GRN*+ subjects demonstrate cognitive and neuropsychological deficits as well as changes in glucose metabolism as early as 10 years prior to illness onset ([@bb0240]; [@bb0175]; [@bb0165]; [@bb0200]); suggesting that the subtle decline in function precede obvious structural gray matter changes in the *GRN*+ genetic subgroup. Finally, it is important to recognize that FTD represents a broad clinical spectrum with striking heterogeneity in the clinical features at the time of presentation, even among members of a family carrying a specific mutation. Whereas the non-motor manifestations in patients with the *C9orf72* mutation are most often behavioral or psychiatric, those with *GRN* mutations may present with bvFTD, PPA (usually the non-fluent variant), an Alzheimer\'s like amnestic syndrome, and less commonly corticobasal syndrome ([@bb0145]; [@bb0015]). Therefore, it is possible that this variation in the early clinical features of *GRN* mutation carriers is reflected by cortical involvement that is too variable in its focality and laterality to be evident in a group-wise analysis. If this is the case, then an alternative method of analysis would be necessary to appreciate the early changes within this genetic subgroup (e.g. non-biased measure of the presence of any significant asymmetry or focal change, regardless of anatomic location).

There are certain limitations to our current study, which include the relatively small sample size, cross-sectional design, limited MRI measures and neuropsychological data. Future studies should include longitudinal assessments, white matter measures, and correlation with detailed neuropsychological data.

5. Conclusion {#s0070}
=============

Despite the limitations, our study suggest that the patterns of early cerebral atrophy differ between *C9orf72* and *GRN* mutation carriers, suggesting potentially important difference in the pathogenic pathways between the two subtypes of FTD. While longitudinal follow up with an augmented sample size and multimodal imaging are needed to confirm these findings, our current data suggest that structural imaging does have utility as a biomarker of early disease, and the pattern may depend on the specific genetic factors involved in the patient population being studied.

Appendix A. Supplementary data {#s0075}
==============================

Supplementary materialImage 1
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